During the last decade, there has been great interest in the potential use of biologic agents and mechanical techniques to enhance myocardial collateral development. Available experimental methods to detect the effects of interventions designed to improve collateral function include assessment of vascular cell proliferation, quantification of vessel number and size, appraisal of myocardial perfusion, and evaluation of myocardial function. The purpose of this review is to discuss the various experimental approaches for the evaluation of coronary collateral development, highlighting the relative strengths and limitations of the commonly used animal models and methods of assessment. Published by Elsevier Science B. V.
Introduction 2. Ischemia versus infarction
Reversible myocardial ischemia and myocardial infarcBased on putative mechanisms of action, pharmacologic tion are fundamentally different pathophysiologic proand mechanical therapies devised to improved collateral cesses, and the distinction between them has important function through enhancement of arteriogenesis would be ramifications with regard to experimental therapeutics. manifested as: (i) amelioration of reversible ischemia as a Following abrupt interruption of coronary perfusion, there result of enhanced collateral perfusion; and (ii) improveis a limited time-frame for myocyte survival (hours) ment in left ventricular function due to increased perfusion relative to the time required for vascular development in areas of 'hibernating' myocardium. Experimental oppor-(days). In light of this temporal difference, it is unlikely tunities to detect the effects of interventions designed to that an angiogenic mechanism, per se, could importantly improve collateral function include evaluation of vascular affect the initial events in myocardial infarction. (On the cell proliferation, quantification of vessel number and size, other hand, it is not inconceivable that angiogenic mechaand assessment of myocardial perfusion and function. The nisms could alter the healing response to myocardial purpose of this review is to discuss some of the current infarction.) It follows that experimental models that cause experimental approaches for evaluation of coronary collaacute myocardial infarction, through direct coronary artery teral development, highlighting the relative strengths and occlusion, or through circulatory embolization with microlimitations of the commonly used animal models and spheres [1] , inorganic mercury [2] or thrombus [3] , have methods of assessment.
limited applicability to studies of collateral development and are not considered further in this review.
vention being assessed may be comparatively modest, even assess angiogenic interventions in vivo. The key limitalimited LV scarring has the potential to significantly tions to be kept in mind include the potential effects of confound the assessment of collateral function. The impact biologic agents on the dynamics of ameroid-induced of the variability added by infarction is a requirement for coronary occlusion, and the confounding effects of infarclarger sample sizes to overcome variability and achieve tion. statistical significance.
With respect to pre-clinical studies in general, there are 3.3. A variation on the Vineberg direct arterial major advantages in smaller animal models, due to issues implantation procedure of practicality, ethics and cost. Because of the general bulkiness of ameroid constrictors, and in light of the Arthur Vineberg pioneered a palliative treatment for requirement for dissection of coronary arteries to implant ischemic heart disease in which an internal mammary them, larger animals have generally been used in these artery, its intercostal branches transected and actively studies, as noted above. Recently, however, Operschall et bleeding, was tunneled directly into the myocardium with al. have described the use of a novel ameroid device in the supposition that anastomoses would form between the rabbits [10] . In this model, ameroid material simply rides implanted artery and the coronary circulation [11] . Though on the epicardial surface, and non-absorbable suture maits effectiveness was never established, the operation was terial, threaded twice-through the ameroid and through the used clinically for a number of years prior to the advent of subjacent epicardium, is used to entrap the underlying coronary artery bypass surgery. By 'marrying' the ameroid circumflex coronary artery. Because the suture material model with the Vineberg operation, a systemic artery can penetrates the myocardium at a level that is deep to the be brought into contact with the coronary circulation in a circumflex, the artery is spared the trauma of direct collateral-dependent area [12] . The implanted artery has dissection. A Doppler flow probe is used both to localize the potential to develop a collateral circulation in comthe artery, and to adjust the baseline tension in the suture. munication with the myocardium, and can be instrumented As the ameroid expands in volume, the artery is comwith an infusion pump to administer angiogenic agents to pressed by increasing traction on the suture. Using corenhance the development of systemic-to-coronary anasonary cineangiography and corrosion casts, the investomoses [13] . The unique aspect of the model is its tigators were able to demonstrate total arterial occlusion or applicability to the 'no option' patient -the patient with severe stenosis in seven to eight animals after 21 days.
severe multi-vessel disease and no patent feeder artery to Regional myocardial perfusion was assessed with radioserve as a collateral source. The main drawback of the labeled microspheres at baseline, and during maximal model is its variability. Layered upon the usual variability adenosine-induced coronary vasodilatation in terminal of the ameroid model are a myriad of technical factors that experiments on days 7, 14 and 21. Mortality was 22%, potentially impact on the effectiveness of a Vineberg with a number of these animals sustaining large infarcprocedure, leading to substantial inherent variability in the tions. In surviving rabbits, infarct size was fairly substanextent of mammary to coronary anastomoses. tial. Perfusion in the risk area was reduced at day 7, progressively increasing on days 14 and 21. On day 21, endocardial perfusion was approximately half that of 3.4. Species differences and selection of an animal sham-operated rabbits, whereas epicardial perfusion was model essentially equivalent. The data are somewhat limited because relatively small numbers of animals were termiThe anatomy of the porcine coronary circulation is nally studied at each time point, but the feasibility of the analogous to that of man, with three major coronary model was clearly demonstrated. With placement of an arteries. In contrast, the dog has essentially a two-vessel indwelling left atrial catheter for microsphere injections, system, with a non-dominant right coronary artery supserial perfusion assessments could be readily obtainable in plying only the right ventricle in the vast majority of future studies. The apparent disadvantage of the model animals. Moreover, the pig has a very limited innate appears to be its propensity for infarcts. Presumably, this collateral circulation, with only sparse endocardial concould be overcome by implanting the constrictor more nections, whereas the dog is endowed with numerous, distally, or by using less-hygroscopic ameroid material that generally epicardial, innate anastomoses, that are thought would swell more slowly. If such measures were ineffecto have greater potential for development than those of the tive, then it would be necessary to use larger numbers of pig [14] . This apparent difference has been responsible for animals to overcome this variability. This model, when generally greater acceptance of the pig as an animal to better characterized and refined, may finally provide study angiogenic interventions, and for criticism of the dog investigators with a small animal model of chronic, singlemodel. vessel, coronary occlusion.
Counter to the common perception regarding the robust Overall, the ameroid model remains a useful means to innate coronary collateral circulation of the dog, recent experience suggests otherwise. A number of dog studies placement. All animals had LCX ameroid constrictors; were conducted at the National Heart, Lung, and Blood however, the studies differ in terms of whether animals Institute, U.S. National Institutes of Health (NIH), wherein were conscious or anesthetized, and with respect to the the goal was to assess the angiogenic potential of a number type of stress used to test maximal collateral function (i.e. of biologic agents [15] [16] [17] [18] [19] [20] [21] . In these investigations, vasodilators, pacing, or exercise). Perfusion was assessed ameroid constrictors were implanted on the proximal left using microspheres in most studies, although echocardiogcircumflex coronary artery (LCX) of purpose-bred hounds.
raphic contrast was used in one. Though the data were Hydraulic balloon occluders were placed adjacent to the obtained from independent studies, the comparison has ameroid for temporary arrest of antegrade circumflex flow, utility in contrasting, in a general way, the kind of data that enabling assessment of collateral perfusion before may be generated using the ameroid model in pigs and ameroid-induced coronary occlusion was complete. For dogs with different methods and procedures to assess LV this analysis, the earliest assessment of collateral perfusion perfusion. The NIH canine data show a mean IZ / NZ ratio was included for each dog. In all cases, measurements reaching |0.4 at 38 days, rising to |0.5 at 204 days. were performed in conscious dogs within 10 days of Similar perfusion results were observed in conscious miniameroid placement (generally before there was time for pigs by Roth et al. [23] , who assessed perfusion with collateral development), during chromonar-induced, maxiradiolabeled microspheres during both moderate and semal coronary vasodilatation [22] . Microspheres were used vere exercise. The authors reported absolute perfusion for to evaluate regional myocardial perfusion. The pooled data the endocardium, mid-myocardium and epicardium. Some from 127 consecutive conscious dogs, obtained in ten liberties were taken with these data for the purpose of this independent experiments conducted over 7 years, provide a review, in that the means of the endocardial, mid-myocarmedian ischemic zone / normal zone (IZ / NZ) perfusion dial and epicardial perfusion values were averaged to ratio of 0.04 (mean 0.06, 95% confidence limits 0.05, estimate transmural perfusion, and IZ / NZ ratios were 0.07). These data illustrate the limited nature of acute calculated from the means of these averages (the authors collateral perfusion in these animals, and show that did not report IZ / NZ ratios, per se). The data shown are variability is consistent with typical in vivo biologic data.
for severe exercise. In a subsequent experiment by the Also, despite the common perception regarding the White and Bloor group [24] , adenosine was used to induce propensity for dogs to develop collaterals more rapidly and maximal coronary vasodilatation, and radiolabeled microextensively than the pig, the NIH data do not support this spheres were used to assess perfusion. The endocardial and view. Fig. 1 displays regional myocardial perfusion data epicardial IZ / NZ ratios were reported separately. The from the NIH dog experiments in control animals [15] [16] [17] [18] [19] [20] [21] , mean endocardial IZ / NZ ratios ranged from 0.60 to 0.65. plotted with data obtained from control pigs at other
The epicardial ratios approached unity. For the analysis in laboratories (i.e. no animals had interventions to enhance Fig. 1 , the endocardial and epicardial ratios were simply collateral function). The ordinate represents the IZ / NZ averaged, and ranged from 0.77 to 0.80. Harada et al. used perfusion ratio, the abscissa represents time after ameroid colored microspheres to assess collateral perfusion in conscious Yorkshire pigs during pacing [25] , and observed a mean IZ / NZ perfusion ratio of 0.80. Hariawala et al. used colored microspheres to assess perfusion in anesthetized Yorkshire pigs during adenosine stress, and observed a mean IZ / NZ ratio of 0.97 [26] . Giordano et al. assessed perfusion in conscious Yorkshire pigs during pacing, using echo-contrast to assess perfusion [27] . Mean IZ / NZ ratios ranged from 0.46 to 0.57. From this figure, it is apparent that collateral function in dogs, assessed in the conscious state during maximal coronary vasodilatation, does not vastly exceed that of pigs (in fact, it appears to be less). It must be emphasized, however, that the apparent IZ / NZ ratio is dependent not only on collateral function, but also on the magnitude of stress. This is because collateral perfusion is generally adequate under basal conditions, at which time the IZ / NZ ratio approaches 1 (in the absence of scarring). The ratio decreases with increasing stress. Thus, although the appar- to achieve an adequate vasodilatory stress in pigs could be contributory. The extent to which these factors are operanumbers of light-microscopic fields require analysis; and tive cannot be determined. Importantly, variability in the (v) in light of the latter two considerations, the techniques level of vasodilatory stress leads to variability in the are susceptible to sampling errors. When a rigorous assessment of collateral function. Thus, every effort should sampling paradigm is not utilized, there is the opportunity be made to maximize vasodilatory stress. If this cannot be for investigator bias, and blinded assessment is particularly accomplished, then stress should be standardized to the important. In summary, assessment of cell proliferation is greatest extent possible. The overriding goal in planning
principally of value to demonstrate the existence and / or perfusion studies should be the acquisition of high quality location of vascular remodeling. The techniques are labordata, capable of uncovering the functional limitations of intensive, and though quantitative data are readily obtaincollaterals under standardized conditions with minimal able, they must be interpreted cautiously. The data have variability.
the potential to be confounded by local infarction and scarring. [28] . The identification of DNA synPoiseuille's law dictates that vascular resistance is thesis in vascular cells provides a means to identify vessels inversely proportional to the fourth power of radius. The 3 in the process of remodeling. The [ H]thymidine once used implication is that small changes in collateral diameter can to label S-phase cells has been supplanted by non-radioacbe responsible for extremely large changes in collateral tive methods. Principally, these involve administration of conductance. This is consistent with clinical observations, exogenous bromodeoxyuridine (BrdU) followed by antiin that patients who manifest adequate collateral function BrdU immunostaining techniques [29] , as well as immuno-(i.e. minimal angina and preserved myocardial function staining for proliferating cell nuclear antigen (PCNA) [30] .
Endpoints for experimental assessment of
despite severe obstructive coronary artery disease) generalThe latter technique can be performed on archival tissues, ly have arteriographic evidence of collaterals. Such collabecause pre-treatment is unnecessary. These methods are terals are, by definition, macroscopic. of value for distinguishing actively remodeling vessels Macroscopic vessels can be demonstrated using arteriogfrom quiescent vasculature. (In stable vessels, labeling is raphy in intact animals (generally with anesthesia), or by practically negligible due to low vascular cell turnover.) It post-mortem casting. The former can be performed on a should be pointed out that the immunostaining methods serial basis, but is associated with small but finite morbidiprovide data that are quantitatively different from the ty and mortality. Post-mortem casting cannot be performed 3 standard [ H]thymidine labeling index, and different from serially; however, when performed with radio-opaque each other [31, 32] . Thus, each technique has quantitative agents, the technique yields high resolution radiographs applicability within individual experiments, but comparithat are amenable to three-dimensional reconstruction and sons between studies are probably not valid. These methscanning electron microscopy [34] . ods can provide quantitative data that can be expressed as There are several inherent limitations in the quantitative labeled cells per unit area. Under appropriate circumassessment of macroscopic vascular density: (i) accurate stances, the demonstration of vascular remodeling may quantification of vessel diameter is critically important, imply that this process is causally related to improvements because of the relation between vascular diameter and in collateral function. The limitations of these techniques resistance, as above. Specifically, a 10% uncertainty in the include: (i) data are generally obtained at only a single diameter of a vessel assessed by quantitative coronary terminal time point; (ii) standardization of these methods angiography leads to a 46% uncertainty in the estimate of 4 can be challenging, and their sensitivity and specificity are collateral resistance (1.1 51.46); a 20% error in diameter influenced by a myriad of technical factors, including translates into greater than a two-fold difference in resisttissue fixation and embedding, protocols for denaturation ance; (ii) the apparent diameter of a collateral is dependent (heat, pepsin digestion), and the nuances of immunoon collateral tone, downstream resistance, injection techstaining methodology [33] ; (iii) the analyses can be nique (volume and rapidity of injection), and (for cineanconfounded by abundant S-phase cells in granulation tissue giography) distance from the detector; and (iii) frame in areas of myocardial infarction under repair, as well as selection and vessel orientation are critical. Because these granulation tissue in apposition to epicardial collaterals variables affect the apparent diameter of collaterals, and related to prior instrumentation / surgery; (iv) tissue must because of the marked amplification of error that occurs be viewed at relatively high magnification, such that large because of the forth-order relation between collateral diameter and conductance, these techniques are primarily veins may be difficult; (iv) detection of vessels is depenof value for qualitative and semi-quantitative assessment of dent on tissue preparation, three-dimensional orientation, collateralization.
and staining techniques; (v) comparison of quantitative data between studies is probably not valid, due to technical 4.2.2. Microscopic vessels differences. Methods for assessment of microscopic vascuMethods of quantifying vascular density include simple lar density are summarized below: inspection of immersion-fixed or perfusion-fixed tissue, the use of special stains to identify vascular cells, and lowMethod Difficulty Accuracy power electron microscopy. Direct counting of immersionfixed tissue is notoriously inaccurate and should not be Light microscopy -immersion 1 1 used for quantitative studies, largely because closed vesfixation sels are under-detected. To circumvent this problem, Light microscopy -perfusion 111 111 perfusion fixation, followed by plastic-embedding and thin fixation followed by thin sectioning ('poor man's transmission electron microsectioning, 6digital image scopy') has been used by some investigators [15, 16] . analysis Perfusion fixation can provide fairly uniform sections, and Light microscopy -special 11 11 tends to open vessels, facilitating their detection and staining methods for vascular differentiation by size. These techniques are confounded cells by technical factors causing non-uniform perfusion, fixaLow-power electron 1111 1111 tion artifacts, and collateral function itself (i.e. the ability microscopy to discriminate vessels is dependent on perfusion pressure during fixation, such that vascular density may be underIn light of the limitations and difficulties of these estimated in areas of decreased perfusion). Alternatively, methodologies, the routine assessment of vascular density special stains have been utilized to identify vessels, as a screening method for angiogenic interventions seems independent of their status (open versus closed). These unwarranted. On the other hand, it is only these techniques include alkaline phosphatase [35] , silver methenamine [36] that can provide tangible evidence of a change in vascular and Factor VIII [37] . Though these staining techniques structure at the tissue level -a change that is supportive have been widely used for many years, there are many of arteriogenesis as the mechanism of action for an technical nuances that make standardization difficult, and angiogenic agent. Thus, there is a role for these techniques; their relative accuracy, sensitivity and specificity have not however, meticulous attention to technical factors and been critically reviewed in the literature.
adequate sampling and blinding are critical. Low-power transmission electron microscopy has also been utilized for direct vessel counting [38] . A highly 4.3. Blood flow and perfusion accurate and reproducible method in experienced hands, its primary disadvantage is the intensity of labor involved. It Whereas blood flow is typically assessed using an is also susceptible to sampling error, because only relaelectromagnetic or Doppler flow probe in units of volume tively small volumes of tissue can be analyzed.
per time, nutritive perfusion is quantified as volume per In general, it is more accurate to analyze sections in unit time per tissue mass. non-overlapping, rectangular fields, facilitated by a computer-controlled motor-driven stage [15, 16] , rather than crudely counting vessels in round fields of view, express-4.3.1. Blood flow ing the results 'per high-power field'. For the sake of Determination of blood flow is generally unsuitable for general comparability, it is of value to report data in terms evaluation of collateral function. Flow can be measured in 2 of vessels per mm , as well as per fiber (capillary:fiber a primary feeder artery, or in a distal artery after it is ratio).
reconstituted by collaterals. When assessed in a feeder The main difficulties associated with assessment of artery, the technique overestimates collateral flow when microscopic vascular density can be summarized as folthe vessel is carrying collateral flow in addition to nonlows: (i) the detection of collaterals occurs against a collateral flow, and underestimates collateral flow when veritable 'sea' of background capillaries. For example, the other vessels, not assessed by the flow probe, are carrying 2 normal capillary density is 3000-5000 vessels / mm in significant collateral flow. With respect to the distal pig, dog, rabbit and human myocardium. The number of reconstituted vessel, flow enters via collaterals and exits 2 larger conductance vessels of interest is ,10 / mm [15] . via nutritive branches, and may be bi-directional, dependThus, methods to assess vascular density must differentiate ing on flow probe position. Thus, measures of blood flow vessels by size; (ii) the apparent vascular density is have considerable limitations in the assessment of collaterprofoundly influenced by infarction / fibrosis; (iii) dependal function, and probably should not be routinely eming on the technique used, discrimination of arteries from ployed.
4.3.2.
Perfusion microspheres, the requirements to isolate them from tissue When evaluated under appropriate conditions, tissue and dissolve them constitute important sources of potential perfusion can provide an excellent assessment of collateral error. (The latter is not an issue for spheres counted with a function. Generally, collateral-dependent areas exhibit FACS device.) For a general discussion of microsphere reversible ischemia, manifested by adequate perfusion at techniques, see Austin et al. [41] . rest but diminished perfusion under stress (relative to Newer techniques for the assessment of tissue perfusion normal myocardium). Thus, the adequacy of tissue perfuinclude contrast echocardiography and magnetic resonance sion during stress provides the assessment of collateral imaging (MRI) modalities. These techniques may be function. Coronary vasodilators has been typically emadequate for semi-quantitative assessment of perfusion and ployed for this purpose; exercise and pacing have been localization of collateral-dependent areas, but they are not used as well.
well-standardized or validated at the present time. Assessment of perfusion generally requires a marker or Recently, a novel histologic method has been shown to tracer. Typically, microspheres (colored, fluorescent, or be capable of determining the three-dimensional distriburadioactive), echocardiographic contrast agents, MRI contion of perfusion in organs [42] . In this method, an trast agents, or positron emitters (positron emission tomogautomated cryomicrotome serially sections frozen organs raphy, PET) are used for this purpose. Microspheres have at a pre-set slice thickness. The three-dimensional coordibeen used for decades and are particularly well-suited for nates of up to four types of fluorescent microspheres are use in conscious animals. After injection into the systemic detected in each slice using automated filter wheels for arterial circulation, microspheres mix with blood and act as excitation and emission. The positions of the microspheres non-selective flow markers. However, because they are too are mathematically reconstructed into a three-dimensional large to traverse capillaries, they become trapped in the structure, that can be mathematically manipulated. Remicrocirculation, providing a 'snapshot' of tissue perfusion gional perfusion at any given location is inversely proporat time of injection. After a period of minutes to months, tional to the average distance to the nth microsphere. the tissues of interest are removed and numbers of Though the authors did not compute absolute perfusion in microspheres are estimated per mass of tissue. The withtheir studies, they suggest that the technique could be drawal of an arterial reference sample at a known rate modified to assess absolute perfusion using the reference during microsphere injection allows calculation of absolute sample method [39] by freezing blood samples and subperfusion [39] . Some microspheres are multiply labelled jecting them to cryomicrotome analyses. This novel tech-(i.e. disparate isotopes or colors). These lend themselves to nique may be of particular value in circumstances wherein serial assessment of perfusion, and / or evaluation under the spatial reconstruction of perfusion in an entire organ is multiple conditions (i.e. at rest, during pacing, exercise or of interest. vasodilator stress).
During the last several decades, gamma-emitting radio-4.4. Left ventricular function labeled microspheres have served as the 'gold standard' method for evaluating tissue perfusion. Their number in Expansion of a collateral network leads to enhanced tissue samples is estimated by assessing the radioactivity myocardial perfusion, and ultimately, improved LV funcof samples in a well-counter. Because of environmental tion. Thus, with respect to animal studies, assessment of concerns regarding radioisotopes, however, radiolabeled LV function provides the most distal appraisal of armicrospheres have been largely superseded by colored and teriogenesis. LV function has been widely used in the fluorescent microspheres. The latter types of microspheres assessment of arteriogenesis, in part because it is deemed are only detectable after isolation from tissues, which is to capture the ultimate desired effect of angiogenic interaccomplished through liquefaction [40] . After separation, ventions, and in part because of familiarity of investigators the numbers of colored microspheres are generally estiwith the techniques. Similar to the assessment of LV mated by dissolving the spheres, producing a solution with perfusion, LV function is generally assessed at rest and absorbance proportional to microsphere number. Fluoresduring the stress of exercise, pacing, or pharmacologic cent microspheres are unique in that they can be directly stimulation, exposing the functional limitations of the counted using a fluorescence-activated cell sorting (FACS) collaterals. device. Dual-labeled fluorescent microspheres have also
Modalities for the experimental quantification of LV been used to assess perfusion. Assessed at two wavefunction include contrast left ventriculography, radionulengths, the identity of each sphere is established by its clide ventriculography, echocardiography, MRI techniques ratio of absorbances. Non-radioactive microspheres are and sonomicrometry. Left ventriculography and radionuassociated with three key disadvantages: (i) once tissues clide ventriculography tend to assess global function, are liquefied, there is limited opportunity to reconsider or whereas echocardiography, MRI and sonomicrometry are reassess the results (i.e. tissue mass, sample orientation, capable of assessing regional LV function as well. Because etc., are not recoverable); (ii) digested tissues cannot be models for the study of arteriogenesis tend to cause used for morphologic analyses; and (iii) for colored regional changes in LV function, techniques for assessment of global LV function probably lack the sensitivity necesand humane, and will permit repeated assessment of LV sary to adequately assess the effects of an angiogenic perfusion in the conscious state. intervention. Thus, echocardiography, MRI and sonomicrometry are most widely used in such studies.
5.3. Serial assessment of endpoints With any of these techniques, there are important limitations that warrant consideration: (i) LV function is Serial endpoints are well-suited for a dynamic process highly dependent on loading conditions (pre-load, aftersuch as collateral development. They provide greater load), inotropic state, autonomic tone, circulating catecholconfidence in the results, and are more robust, statistically. amine levels, tissue oxygenation and the presence of Generally, collateral development should be assessed on a scarring. Anesthesia has effects on heart rate, BP, inotropic serial basis, if possible. state, autonomic tone, circulating catecholamine levels and tissue oxygenation. Surgery has the additional potential to 5.4. Use of extensive sampling induce marked fluid shifts that affect loading conditions, and to cause profound changes in autonomic tone and
The myocardium is a complex three-dimensional struccatecholamine levels. Thus, variability is a major concern ture that is not intrinsically divided into 'ischemic' and when anesthesia, and particularly surgery, are utilized in 'normal' zones for the convenience of investigators. When the process of acquiring functional data; (ii) the detection samples are removed from the putative 'ischemic' and of a functional abnormality at rest suggests stunning, 'normal' zones, ignoring the balance of the myocardium, hibernation, or infarction. If infarction is present, assessmuch information is lost. For example, the extent of the ments of collateral function may be inaccurate or misleadischemic zone is not assessed, and data providing assuring; and (iii) in the presence of LV infarction, functional ance that the appropriate area was actually sampled may be data should not be expected to be normally-distributed in lacking. Assessment of LV perfusion and function around the statistical sense, and statistical methods that presume circumferential slices of myocardium provide a wealth of normality are not valid.
data. Such data should be obtained, whenever possible. Thus, measures of LV function have value in the assessment of collateral development; however, the use of 5.5. Incidental myocardial infarction anesthesia and surgery, as well as the presence of scarring, add variability that must be considered when planning For models that assess coronary collateral development, these studies. The non-normality of the data must be the importance of avoiding infarction cannot be overconsidered in statistical analyses.
emphasized. This is because the extent to which collateral development affects regional LV perfusion, function, vascularity and cell proliferation may be relatively small compared with the effect of infarction. This statement is 5. General principles true even for subendocardial and patchy infarction. For example, consider a sample comprised of a mosaic of scar 5.1. Randomization and blinding and viable tissue, the latter supplied by collaterals capable of providing approximately half-normal perfusion during As in any trial wherein there is random variability maximal vasodilatory stress. Under these circumstances, between subjects with respect to baseline variables, risks, perfusion in scar may be |0.1 ml / min per g, whereas and responses, implementation of randomization and blindperfusion in collateralized viable tissue may be |2 ml/min ing are extremely important. Investigator bias is possible per g. Thus, a 1-g sample comprised of 5% infarct by mass and blinding is essential when subjective factors are would have a calculated perfusion of 1.9 ml / min per g involved in treatment assignment, surgical preparation, [0.05 g30.1 ml / min per g10.95 g32.0 ml / min per g4 animal care, data acquisition, tissue sampling, rejection of (0.05 g10.95 g)51.9 ml / min per g]. In contrast, an outliers and / or data interpretation. adjacent 1-g sample, supplied by essentially the same network of collaterals but comprised of 30% infarct by 5.2. Anesthesia mass, would have a calculated perfusion of only 1.4 ml / min per g. Thus, to a very great extent, tissue comAs noted above, anesthesia has numerous effects on position affects observed perfusion, and great care should tissue oxygenation, autonomic tone, catecholamine levels, be taken to avoid techniques that produce infarction in heart rate, BP, inotropic state, and myocardial perfusionthese studies. all with the potential to confound study results [43, 44] . Whenever it is practical and humanely possible to acquire data in the conscious state, it should be considered. For 6. Summary example, percutaneous injection of fluorescent microspheres via a subcutaneous injection port is both practical
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